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Based on a systematic experimental study of the resistivity of high-quality single crystals of
(La; _,Sr,),Cu0,, a phenomenological approach is proposed in which the dissipation for the direction perpen-
dicular to the superconducting layers is explained by thermal fluctuations of the phase in Josephson junctions.
By introducing an effective junction area A(H,T), an analytical expression for the resistivity is formulated,
with which the c-axis resistivity as a function of 7, H, and 6 (angle between H and the basal plane) can be

very well explained.

Among many interesting experimental findings of high-
T. superconductors, the pronounced broadening of the resis-
tive transition in a magnetic field is unique.! This discovery
has initiated a serious question concerning the fundamental
mechanism of dissipation in the vortex state, which has long
been believed to be due to the motion of vortex lines in a
superconductor.? Although many models have been proposed
to explain this problem so far,> most of them were based on
the traditional idea of vortex motion. These models, how-
ever, seem to work well only when part of the experimental
results are taken into consideration. In order to overcome the
problem in a conventional context, several approaches based
on ideas such as vortex-antivortex excitations,* Josephson
coupling,>® giant fluctuations,’ etc. have also been proposed.
Nevertheless, it appears that none of them is satisfactory. In
order to understand this problem better, we proposed a model
that is essentially based on an idea that superconducting
fluctuations® are due to an extremely short coherence length
(especially perpendicular to the superconducting layers) and
a large anisotropy in the superconducting order parameter.
By extending this model we show that all features observed
by experiments can be well understood even for the case
where the Lorentz force is not active (H||I||c).

Although this proposal is essentially based on supercon-
ducting fluctuations, we take a classical idea in the
Josephson-coupling model as a physical analogy. A similar
approach has been proposed by Tinkham® and accounts for
the phase slippage in the Josephson junction as an origin of
dissipation. In his model, however, the origin of phase slip-
page was induced by flux creep, which is not relevant for the
dissipation mechanism in our model. It also fails to explain
the low-resistivity region where p<0.1p, (Ref. 2) and the
c-axis-resistivity broadening in magnetic fields parallel to the
¢ axis.

The purpose of this paper is to propose a more appropriate
description that can explain the c-axis resistivity very well,
even where there is no Lorentz force exerted on the vortex
lines. In addition, this approach can explain the resistivity
over more than six orders of magnitude by taking the irre-
versibility line into account in the theory. This fact is simply
deduced as a consequence of our analysis and may be an
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indication that the vortex state melts at the irreversibility
line, above which there is no true superconducting order.
Accordingly, the dissipation in this region is essentially
caused by the phase slippage in effective Josephson junctions
that located between adjacent superconducting layers be-
cause of strong superconducting fluctuations.

We have investigated the resistivity of well-characterized
(La; _,Sr,),Cu0, (x=0.068) high-T single crystals in mag-
netic fields. The shape of these crystals are rectangular: the
dimensions are 3.0X2.18X0.17 mm?, with the longest edge
along the ¢ axis for I||c, and 4.5X2.2X0.32 mm?, with the
shortest edge along the c axis for I|jab. The resistivity was
measured by either ac or dc four-probe methods with a cur-
rent density of about 0.3 A/cm?. The resistive transitions in
magnetic fields were examined in four major configurations
with respect to magnetic fields and current directions and
crystallographic axes: (H||c||I), (Hl|c, I||ab), (H||ab, I|c),
and (H|lab||[I). Moreover, the angular dependence is also
studied for the two cases: I||c and I|lab with H rotated from
the ¢ axis to the ab plane. The experimental results related to
the problem are summarized as follows.

(i) The resistive transition becomes broadened signifi-
cantly in such a way that the transition width is only gov-
erned by the field direction with respect to the crystallo-
graphic axis. This fact is generally confirmed in many high-
T, superconductors such as (La; _,Sr,),Cu0, (x=0.075),’
YBa,Cu;0,,!° and Bi,Sr,CaCu,0g, 5.!! The normalized
c-axis resistivity broadening phenomenon as an example is
shown in Fig. 1 in the case of (La;_,Sr,),CuO,
(x=0.068) in various magnetic fields parallel to the c axis.
(ii) The broadening is much wider for the field being parallel
to the ¢ axis than to the ab plane, irrespective of the current
direction, indicating that the large anisotropic magnetic field
effects are involved in this phenomenon. (iii) The c-axis re-
sistivity in a magnetic field below the zero field transition
temperature, T, tends to increase further as temperature is
decreased, following the one above T.,, then falls off
through a maximum value. (iv) The angular dependence of
the resistivity with respect to the field orientation gradually
sets in with lowering temperature without showing any sharp
features in the vicinity of the mean field transition tempera-
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FIG. 1. The temperature dependence of the normalized c-axis
resistivity in magnetic fields parallel to the ¢ axis. The symbols
from left to right (O), (4), (¢), (O), (O), (A), (©), and (O)
represent the experimental data points obtained in magnetic fields 6,
5,4,3,2,1,0.5, and 0.1 T, respectively. The solid lines show the
corresponding results calculated by the model proposed in this pa-
per. The c-axis normal state  resistivity follows
pn(T)=0.026 exp(51.746/T)+0.148 45() cm), which was ex-
tended to lower temperatures by fitting the resistivity data between
50 and 130 K.

ture in a magnetic field, T.(H), as the field is rotated from
the ¢ axis to the ab plane. An example of the angular depen-
dence at 30 K is shown in Fig. 2. (v) The onset of the c-axis
resistivity in fields parallel to the ¢ axis agrees with the irre-
versibility line.

The first and the second points given above are the most
important experimental facts needed to formulate the present
model and have been interpreted differently within the
framework based on the flux motion due to the Lorentz
force, for instance, as proposed by Kes et al,'? who only
took into account the large superconducting anisotropy. Al-
though their model seems to explain essential features such
as the angular dependence of the resistivity, the observed
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FIG. 2. The angular dependence of the normalized c-axis resis-
tivity in magnetic fields: 6 (O), 5 (O), 4 (¢), 3 (A), 2 (+), and 1
T (X) from top to bottom at 30 K. The symbols represent the
experimental data points. The calculated results in terms of the
model proposed in this paper are also presented by the solid lines.
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FIG. 3. The field dependence of the transition temperature T,
determined by the p-T data in H||I||c in various different resistive
criterions. The data points (open circles) determined by the lowest
resistivity criterion of 105p,, , which is, in fact, the lower limit of
the detectable resistivity in the present measurements, are located
very close at the irreversibility line determined by the dc magneti-
zation measurements (filled circles connected by a thin solid line).
The bold and solid line represents the irreversibility line obtained
from the present analysis as a fitting parameter. The field depen-
dence of T;,(H) is explained in the text.

broadening of the c-axis resistivity in a magnetic field paral-
lel to the ¢ axis cannot be explained. This is the main reason
for us to discard the conventional approach and naturally
leads to a conclusion that the dominant mechanism for the
resistivity broadening is caused by dissipation due to the
non-Lorentz force driven mechanism. The third point given
above strongly indicates that the conduction mechanism for
the ¢ axis is nonmetallic, but semiconducting or insulating.
This additional evidence may also support our Josephson-
coupling model between superconducting layers. The phe-
nomena given in the fourth and fifth points suggest that there
is no clear superconducting phase transition in magnetic
fields near T .(H). The fact that the gradual development of
such an angular dependence beginning from well above
T,y continues into low temperatures, especially in the sys-
tems with larger anisotropy and shorter coherence length in
the superconducting state,!! supports strongly evidence of
superconducting fluctuations involved in this problem. In the
following, we mainly focus our attention on the case where
the Lorentz force is not active (H||I||c), since it is the most
important case for the present model.

To begin we explore the role of the irreversibility line by
plotting the c-axis-resistivity values in various magnetic
fields with different resistive criterions in the H-T plane. As
shown in Fig. 3, the onset of the resistivity is definitive as a
converging value at a certain temperature in a given field.
Moreover, it is important to note that the onset of the c-axis
resistivity for the Hl|c axis coincides very well with the ir-
reversibility line determined by magnetization measure-
ments. This agreement together with the lack of a clear su-
perconducting transition near T.(H) suggests that the true
superconducting state with zero resistance may be realized
below the irreversibility line only.

In order to give a consistent description on these findings,
here we propose a phenomenological approach on the dissi-
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pation mechanism. We first introduce a conventional two-
dimensional (2D) pancake picture, in which a flux line may
be visualized as a stack of pancake vortices located at the
different superconducting layers. These pancakes are coupled
by the weak Josephson coupling. At higher temperatures
above the irreversibility temperature, a straight stack of pan-
cakes along the c¢ axis is perturbed by the thermal effect,
leading to dissociation of pancakes. According to Ambe-
gaokar and Halperin’s work,!? the c-axis resistivity in such a
case can be expressed as

plpn=ALo[E 1 2kp(T—Ti)1} 2, 1)

where I, is the modified Bessel function and E; is the
Josephson-coupling energy. It is noted here that we replaced
the thermal contribution kT in the conventional model'® to
kg(T—T;,), since the true zero resistivity is achieved at the
irreversibility temperature and below it as described above.
Following the Lawrence-Doniach model on the aniso-
tropic 3D superconductors, the maximum Josephson super-
current density J, perpendicular to the layers can be ex-
pressed as J0=¢0/21rp,0s)\f,14 where s is the interlayer
spacing, ¢, the flux quantum (=h/2e), and A, the penetra-
tion depth. By introducing an effective junction area
A(H,T), we obtain the maximum Josephson supercurrent
flowing to the ¢ _direction as [;,,=A(H,T)J
=A(H,T)¢o/2muos\ 2. Therefore, the corresponding
Josephson-coupling energy is expressed as

E]=Ij maxh/e

=A(H,T)$5/27 pos\.. @)

The effect of the magnetic field could be understood as
follows. Applying the magnetic field perpendicular to the
superconducting layers, a straight stack of pancakes is
formed. This straight stack is disrupted by moving a pan-
cake, resulting in a formation of Josephson strings between
the superconducting layers. As a result, the phase change
associated with the Josephson current between the adjacent
junction layers is created within an effective junction area,
A(T,H). This effective junction area can be approximately
proportional to r,Ar, where r,(=sv) is Josephson penetra-
tion depth which characterizes the range of the Josephson
interaction, v is the anisotropy ratio, and Ar is the relative
displacement between the pancakes in the adjacent layers
induced by positional thermal fluctuations. Therefore, one
expects that the effective junction area should be propor-
tional to kg(T—T;,). Based on this argument, we write
approximately the effective junction area as A(H,T)
=a(H)(AT/T_.)*, where a(H) is only related to H and is
decreased with increasing H, and AT=T—T;,. The param-
eter a is introduced in order to absorb the effect of deviation
from the exact linear temperature dependence of Ar, which
in fact reflects the extent of the Josephson coupling between
the layers, which will be described separately in detail."

Inserting A(H,T) into (2), we obtain the Josephson-
coupling energy E; as

E;=[a(H) ¢5/2m pos\)(AT/T )" 3)

Consequently, by putting (3) into (1), we obtain the expres-
sion of the c-axis resistivity for H||c as

plpa={Io[a(H) $3(ATIT,)* /4w posh2kpT ]} 2. "

By assuming A (T)=\.(0)(1-T/T.)" "2 Eq. (4) can be
rewritten as

plpn={Io[C(H)(1=T/T)/(AT/T)' "1},  (5)

where C(H)=a(H)@3/4m uoskgTA%(0), which only de-
pends upon the field. This is the central result of this paper.

It is important to note that for conventional weak-coupled
Josephson junctions with small anisotropy, Eq. (5) is natu-
rally reduced to the AH model by putting a=0 and
T;=0. This is confirmed in Nb/Nb films in H perpendicular
to the junction.'® For the case with a moderate anisotropy
such as YBa,Cu3;0,_;s (y~8), the Josephson coupling be-
tween the layers is rather strong, resulting in the behavior
similar, to some extent, to that predicted by the AH model
except for replacing T with T— T, in the expression of ther-
mal energy. Therefore, the a value is expected to be close to
zero. In contrast with this, for more anisotropic supercon-
ductors such as the Bi,Sr,CaCu,0g, 5 system (y=200), the
Josephson coupling is so weak that the stack of 2D pancakes
is easily broken up by thermal activation. Thus the a value is
expected to be close to unity. From these arguments, it seems
empirically that the parameter « is a pure material constant.

It is noted that there are four important parameters in Eq.
(5). Among them, two parameters, T, and T., can be deter-
mined by experiments. The former is obtained on the basis of
either dc magnetization data or resistivity data by the lowest
limit of the resistivity criterion, which is given by the fol-
lowing formula: T, =33.2[1—(uoH/12.85)%7] (uoH in
tesla). Temperatures defined by 0.9p,, are used as T, values
in various magnetic fields. Therefore, the parameters left to
be set are a and C(H). By fitting the resistivity obtained at
a fixed field, it turns out that the parameter « is close to 2/3,
a constant value. Then, only one quantity C(H) is used as a

10°

10}

plp,
s

1234567
HoH (T)

Ak Lo oo d o o 2 4

10 15 20 25 30 35 40 45
T(K)

FIG. 4. Logarithmic plots of the c-axis-resistivity data shown in
Fig. 1 together with the calculated results (shown by the solid lines)
in magnetic fields parallel to the ¢ axis. The symbols from left to
right (O), (A), (©), (O), (O), (©), and (O) represent the experi-
mental data points obtained in magnetic fields 6, 5, 4, 3, 2, 1, 0.5,
and 0.1 T, respectively. Inset: the field dependence of the parameter
C(H) used in the present analysis. The curve for C(H) is expressed
well by C(H)=8.57—2.22 In(uoH) (uoH in tesla).



fitting parameter. The experimental c-axis-resistivity data
shown in Fig. 1 are replotted by the logarithmic scale to-
gether with the calculated results (presented by the solid
lines) as shown in Fig. 4. The calculated resistivity plotted in
the linear scale is also added in Fig. 1 (shown by the solid
lines). The free parameter C(H) determined by fitting is also
plotted in the inset of Fig. 4 and can be well approximated by
the following formula: C(H)=8.57—2.22 In(uoH) (poH in
tesla). It is important to note that this expression for C(H) is
a very good approximation at high fields (uoH>2 T). It can
be seen that the calculated resistivities (solid lines) on the
basis of the above model yield excellent agreement with the
data except for the resistivity region p>0.9p, . Although we
have tried to improve the fitting by adjusting the parameter
T.(H) as a function of H, the obtained results often became
unphysical in the sense that the field dependence of T .(H) is
positive. As a consequence, T, is fixed to be 36.1 K. We
believe that this is caused mainly by two reasons. First, in the
vicinity of T.(H) there must be strong critical fluctuations,
which may induce effects beyond our Josephson-coupling
model. Second, Eq. (5) is no longer appropriate as T close to
T., since the measuring current becomes relatively impor-
tant compared with the critical current.

Although Eq. (5) is obtained for the H lc axis, it is also
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appropriate for the magnetic field in an arbitrary angle 6 with
respect to the basal plane only by replacing H with the ef-
fective perpendicular component, h=H(sin?6+y 2cos?6)!?
in the field dependent quantities such as a(H), T.(H), and
T, (H), where vy is the anisotropy ratio. Using this extended
form, it is possible to calculate the c-axis resistivity as a
function of H and 6 at a fixed temperature.'> As an example,
the calculated results of the angular dependence of the resis-
tivity in various fields on this basis are also included in Fig.
2 by the solid lines. The agreement between the experimental
results and the calculated values is excellent and remarkable.
It is worthwhile pointing out that the expression of the resis-
tivity and all parameters used in this calculation are the same
as those used in the p-T fitting except for replacing H with
the effective field A.

In summary, we proposed a phenomenological approach
to the c-axis-resistivity broadening in magnetic fields taking
into account the phase slippage in the effective Josephson
junctions. We obtained an analytical expression of the c-axis
resistivity in the zero bias current limit as a function of tem-
perature T, magnetic field H, and angle 6 between H and the
ab plane. The validity of this approach is simply manifested
by the excellent agreements between the calculated and ex-
perimental results for a (La; _,Sr,),CuQ,4 (x=0.068) high-
quality single crystal.
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